Addition of dimethylsulfoxide at concentrations of 1% and 2% (vol/vol) to cells of mouse neuroblastoma clone NIE-115 in the confluent phase of growth resulted in the production of morphologicalfir differentiated cultures with extensive process formation. Cells maintained in 2% dimethylsulfoxide remained in a stable nondividing condition for periods of up to 4 weeks. A high degree of electrical excitability was found in these cells, but there was no clear correlation of this property with the level of induction of either acetylcholinesterase (acetylcholine hydrolase; EC 3.1.1.7) or tyrosine hydroxylase [L-tyrosine, tetrahydropteridine:oxygen oxidoreductase (3-hydroxylating); EC 1.14.16.2]. In addition, intracellular levels of cyclic 3':5'-AMP were not elevated in fully morphologically and electrically differentiated cells. While cell division was markedly inhibited by 2% or higher concentrations of dimethylsulfoxide, at 1% growth continued at a somewhat slowed rate and such cultures exhibited enhanced process formation and electrical activity for a relatively short period. High concentrations (3% or 4%) of dimethylsulfoxide totally suppressed process formation and did not result in increased excitability, but cells maintained high resting potentials. The results suggest that the development of the excitable membrane in neuroblastoma cells maybe expressed independently of neurospecific enzyme induction, and does not require a sustained elevation of cyclic 3'i5'-AMP levels.
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Nerve cells are characterized by their unique morphological appearance, the possession of an excitable membrane, and a specialized biochemical machinery. In order to study the expression of specific neuronal properties during the maturation process it is necessary to obtain sufficient quantities of a relatively homogeneous differentiating population. Cloned cell lines isolated from the C-1300 mouse neuroblastoma may serve as a useful system for exploring certain aspects of nerve cell differentiation. The transition of a culture of neuroblastoma cells from the actively dividing state to the confluent one is characterized by the synthesis of various enzymes involved in neurotransmitter metabolism (1) , an enhancement of electrical excitability (2, 22) , and some degree of process formation. To achieve a further expression of these properties, cells have been treated with various agents such as aminopterin (3, 4) or dibutyryl cAMP (5) (6) (7) .
In the present study, we show that in the presence of dimethylsulfoxide (Me2SO) neuroblastoma cells will extend neurites and develop a highly excitable membrane. It appears that this method offers certain advantages over those most commonly used, especially in that cells appear to reach a higher level of electrical differentiation and can be maintained in this state for extended periods. Electrophysiological measurements were performed using standard intracellular microelectrode recording techniques, as described (4) . To obtain comparable results, only large cells of diameter of more than 40,gm were studied. Biochemical Measurements. Acetylcholinesterase (AChE) (acetylcholine hydrolase; EC 3.1.1.7) activity was determined using sonicated cell suspensions as described by Blume et al. (9) . One unit of activity corresponds to 1 Richelson (11) , with the following modifications: the final concentration of tyrosine was 0.1 mM, the final concentration of the cofactor (2 amino-5,7-dimethyltetrahydropteridine, Aldrich Chem. Co.) was 1 mM, and the dihydropteridine reductase-NADPH regenerating system was replaced by 40 [3] [4] [5] [6] when about 75% of the cells had long thick processes (Fig. 2B ). Subsequently, a decline in the proportion of differentiated cells occurred due to proliferation of the dividing cells. In contrast, in medium containing 2% Me2SO, cell proliferation was completely inhibited (Fig. 1A) and a longer delay in the appearance of neurites was noted. The lag period was extended to 2-4 days and long processes were observed by day 4-8 ( Fig. 2C ). These morphologically differentiated cultures, unlike the cells treated with 1% Me2SO, remained in a stable condition for periods of over 4 weeks. In addition, these cultures appeared to produce much less acid, and required less frequent changes of medium than 0% or 1% Me2SO cells. The longer the period in which the cells were maintained in the confluent state prior to replating in Me2SO, the higher was the percentage of differentiated cells and the shorter the lag in process formation. Under these conditions about 25% of the cells remained round as aggregates, while others were embedded in the neurite network. This prevented a more quantitative determination of their relative amount in the population.
MATERIALS AND METHODS
Cell division was rapidly arrested in the presence of either 3% or 4% Me2SO. Under these conditions no neurites were extended, and cultures consisted of a homogeneous population of round cells (Fig.-2D) . The initial period after addition of 2, 3, or 4% Me2SO to the medium was characterized by a larger fraction of cell detachment than that seen in the controls; this accounting for the drop in cell number seen at the outset of the growth curve at these concentrations (Fig.  1A) .
Me2SO was also able to induce morphological differentiation when added to logarithmically growing cells. The normal generation time of 24 hr was slightly increased in medium containing 1% Me2SO, but cells ultimately reached a similar saturation density (i.e., approximately 2.6 X 106 cells per dish). Addition of 2-4% Me2SO rapidly arrested growth, and the number of cells remained constant over a period of several days (Fig. ID) . Neurite outgrowth was enhanced in 1% and 2% Me2SO cultures, but a longer delay than that seen in replated confluent cultures was observed, maximal process formation occurring in 2% Me2SO after 8 days of exposure to the agent.
In general, logarithmic and confluent cells treated with either 1% or 2% Me2SO were larger and more refractile than in the control cultures. There was a tendency towards the formation of thread-like structures in which the cells were apposed in a linear array. Moreover, the processes were much thicker and with larger growth cones than those observed in aminopterin-treated or serum-removed cultures.
When Table 2 indicate that after Me2SO treatment, cAMP concentrations were significantly lower than in the control cultures.
Effect of Me2SO on Other Cell Lines. Me2SO also induced morphological differentiation in a cholinergic clone and in an inactive clone N-18. Both of these clones exhibit enhanced electrical activity in the presence of Me2SO. Induction of differentiation in response to 2% Me2SO occurred to a lesser extent in hybrid cell lines, NG108-5 and NG108-15, formed by Sendai virus induced fusion of mouse neuroblastoma and rat glioma clones (14). On the other hand, the NIA-103 clone, which is unable to extend neurites when incubated in a medium without serum, did not respond to Me2SO treatment. We have also examined the effect of Me2SO on a human cell line IMR-32 (8) . Me2SO at concentrations of 0.5-3% caused considerable cell detachment from the plate, but enhanced neurite outgrowth was not observed.
DISCUSSION
Treatment of neuroblastoma cells with Me2SO provides a convenient way to obtain morphologically stable differentiated cultures exhibiting a high degree of electrical activity. Some characteristics of the Me2SO-induced differentiation of neuroblastoma cells described in this report resemble those of erythroleukemic cells infected with Friend virus (15) . When the latter cells are maintained in 2% Me2SO, the number of morphologically and biochemically differentiated cells is markedly increased. The erythroleukemic cells remain viable, and after a short lag period continue to proliferate. Me2SO-treated erythroleukemic cell cultures also retain their malignant potential, although tumor appearance is delayed.
As in the Friend virus infected cells, not all the neuroblastoma cells are equally affected by Me2SO. In cultures grown in 1% Me2SO, and to a lesser extent in those maintained in 2%, a significant proportion of the cells remain in a morphologically undifferentiated state, often in the form of aggregates of round cells. These cells are probably those than can commence division rapidly upon replacement with Me2SO-free medium, and may be responsible for the development of tumors in vivo. However, cell growth in this clone is arrested by 2% Me2SO and in this respect behaves similarly to another erythroleukemic line (TSFAT-3-CI-1), whose growth is markedly inhibited by 2% Me2SO (16) , and to a fibroblast line L-929 (17) .
Certain effects of Me2SO on mouse neuroblastoma cells have been previously reported (18, 19) . These workers have shown that under conditions of serum deprivation shortterm Me2SO treatment causes an inhibition of neurite outgrowth that was later reversed. A definite lag period before neurite development occurred was also observed in the present work when 2% Me2SO was added to replated confluent NIE-115 cells. This was more noticeable with cells in the logarithmic state of growth, which remained round for several days after application of 2% Me2SO. In general, one should distinguish between the initial phase of neurite outgrowth and the establishment of the fully morphologically differentiated state. In the former, small thin neurites of about 50 ,im are extended within a few hours, while the latter is a more protracted phenomenon involving thicker neurites that may reach a length of 500,um or more. Thus, long- Our findings concerning the lack of correlation between the levels of TH activity and the degree of electrical excitability induced by Me2SO treatment reopens the more general question of the interrelationship of the morphological, biochemical, and electrical modes of differentiation in these cells. Previous investigations have suggested that under certain conditions morphological differentiation need not be associated with electrical or biochemical differentiation. An example of the former case is that of serum removal, which although inducing the formation of extensive neurites in a number of different neuroblastoma clones (24, 25) , results in only a minor enhancement in active electrical properties (3) . A corresponding dissociation of neurospecific biochemical function from changes in morphology occurs when clone NIE-115 cells are treated with sodium butyrate (7, 26) , which causes an induction of TH while cells retain a round morphology. In the present work, the antithesis of this situation occurs where replated confluent cells with extensive neurite formation (1% and 2% Me2SO) do not exhibit elevated levels of TH. These cells, however, do possess a fully developed excitable membrane. In addition, there was no clear correlation between the degree of neurite outgrowth and the level of induction of AChE. These observations lead us to the conclusion that induction of neurospecific enzymes and electrical differentiation are not necessarily linked and that all three modes of differentiation can be expressed independently.
Another outcome of these studies is the finding that Me2SO did not raise the steady state levels of cAMP in replated confluent cells. We 
